Single-cell analyses are propelling us ever closer to answering questions that have long-motivated research in cell and developmental biology. What is the range of cellular diversity? What defines a cell type? How do cell types evolve and differ between species? And how do individual cells of a given cell type differ from each other and for what purposes? Recent achievements offer glimpses of the vast panorama emerging from this rapidly moving field.
proaches to analyze tens of thousands of cells: one approach is based on microfluidics and the other is based on fluorescence-activated cell sorting (FACS) (Tabula Muris Consortium et al., 2018) . Both approaches enabled creation of a map of cell types across 20 organs, with the FACS approach capable of detecting a greater number of genes per cell. A value of the characterizations of cellular identity based on gene expression is that it allows for gene regulatory networks that underpin them to be uncovered. These vast and valuable data join those reported earlier this year by Han et al. (2018) , who used microwell-seq to analyze 400,000 cells from across the major organs of the mouse, including fetal and neonatal tissue. These atlases provide a foundation for the discovery of new cellular and systemic insights into disease once the many mouse models of illness are examined in similar depth. Future work will also likely examine the fascinating changes that occur in aging, particularly with respect to tissue-specific alterations in cellular heterogeneity.
Heterogeneity also typifies cellular responses to pathogen infection. Hagai et al. (2018) now delve deep into the interspecies and cellular basis for this by examining single-cell response of two cell types-dermal fibroblasts and mononuclear phagocytes from a variety of species-to challenge by a synthetic double-stranded RNA to mimic viral infection and lipopolysaccharide to simulate bacterial infection. With this information, they identify genes involved in the innate immune response whose expression levels diverge between species and show these are enriched for cytokines. Interestingly, these same genes are also shown to be more variable between cells within a species. The molecular basis for this heterogeneity is shown to be linked to the presence of TATA box in promoters of more highly variable genes, while the presence of CpG-islands in promoters is associated with less variable expression. This suggests that TATA box containing promoters have been selected in vertebrate evolution to tune tissue-wide responses such that only some cells will encode cytokines to elicit a controlled tissue-wide defense.
It would be reasonable to presume that expression variability between single cells could be related to differences in promoter accessibility and nucleosome positioning at those genes. Lai et al. (2018) now introduce a technique that combines FACS, micrococcal nuclease digestion to cleave DNA between nucleosomes, and DNA fragment sequencing. This makes it possible to simultaneously reveal nucleosome positioning and chromatin accessibility in single cells. This assessment, which included hundreds of individual cells from three different mouse cell types, reveals insights that were previously masked by bulk analyses. The first is that nucleosomes around transcriptional start sites in silent parts of the genome are regularly spaced, but their position between individual cells varies considerably. In contrast, nucleosomes at start sites in actively transcribed regions have more heterogeneity in spacing but are positioned more precisely. These would appear to represent differences in chromatin stability and the activity of chromatin remodeling factors in the active regions. The authors show that spacing between nucleosomes is bimodal, with peaks at 190bp and 300 bp, which correlate with differential accessibility. Moreover, variation in gene expression is shown to be correlated to variation in nucleosome positioning. The authors expand this assessment to tackle questions related to differentiation and intriguingly imply that the heterogeneity observed in cultured naive CD4 T cells and embryonic stem cells in the presence or absence of nucleosomes at key enhancers marks cells primed for differentiation.
Another factor that could impact variability between cells is the more mysterious role that 3D organization plays, particularly at the level of topologically associated domains (TADs). TADs are neighboring regions (or domains) of chromosomes within which chromatin shows higher contact probabilities than those of inter-domain contacts. Although these have been examined in bulk and in a pairwise fashion, until now, there has not been a way of assessing them in a widespread manner in individual cells. In this context, the effort by Bintu et al. (2018) employs sequential hybridization with 30 kb readout probes (a multiplex adaptation of fluorescence in situ hybridization), which enables tracing of large regions of chromatin and their comparison between cells. They find that TAD-like chromatin domain structures are present in single cells. Although the boundaries of these TAD-like structures differ between cells and could be present at all locations in the genome, they do appear to be preferentially placed near CTCF and cohesin binding sites. However, TAD-like structures are still present in single cells even when cohesin is depleted, an observation that is not evident from existing studies of chromatin at the population-average level. In having this more expansive and intricate view of chromatin organization, the authors reveal that threeway interactions between chromatin segments are commonplace. In future work, it will be interesting to determine whether stereotypy or variability in these associations can be linked to specific impacts on gene expression or cellular responses.
There is an increasingly impressive array of new tools with which to explore individual cells. Beyond the richness of data that comes from each of these efforts, cross-comparison and merging of insights from multiple platforms becomes an increasingly urgent task. In addition, many of these approaches are also in principle compatible with widescale CRISPR editing and screening tools, and it may become commonplace to characterize specific single cell phenotypes while simultaneously identifying modulators of their frequency.
